A Thomson scattering opticals system is described with the following characteristics: (1) it allows scattering angles down to 1 mrad before collection optics interfere with beam dumping; (2) it gives excellent k resolution for angles of ' 1.5 mrad; (3) it collects light from a scattering volume which can be variably positioned without optical realignment; and (4) it is compact in size. The design, test data, and an application to rubylaser scattering from 1 0 0 -Am wavelength plasma waves are presented.
Introduction
In conventional large-angle Thomson scattering setups, the probe beam is focused to a spot in the plasma, and the scattered light is collected with a spherical lens placed at some angle from the dumped probe beam.' As this scattering angle gets smaller and smaller, the collection lens eventually intercepts the dumped beam. For example, with f/20 focusing, a significant fraction of the probe beam will enter the collection optics at a scattering angle of 25 mrad for any reasonable f/No. of the collection lens. This is an extremely undesirable situation since the scattered component may be typically only 10-s_10-14 of the incident energy. The scattering system described here allows scattering angles as low as.1 mrad, ayid still the bulk of the probe beam misses the collection optics. Section II describes the motivational experiment in which coherent large-amplitude electron plasma waves are excited and subsequently detected by small-angle collective Thomson scattering. Details of the input and output optics are given in Sec. III. Section IV presents the calibration of the scattering system as well as some results from plasma wave scattering, and conclusions are given in Sec. V.
Experimental Arrangement
The purpose of this experiment is properties of the relativistic electron to study the plasma wave (relativistic factor y associated with the phase velocity is >>1) excited by collinear optical mixing of two CO 2 laser frequencies. 2 The beam from a CO 2 laser operating simultaneously on two wavelengths (9.6 and 10.6
Mtm) is focused into a hydrogen plasma with a density of -1017 cm 3 and an electron temperature of -30 eV (Fig. 1 ). Beating the two frequencies resonantly drives an electron plasma wave within the focal vdlume of the C0 2 beam. This plasma wave has a wavelength Xp (=2ir/kp) 100gm and occurs over a length (along the wave vector kp -kp or along the z direction) of 1-2 mm with a diameter of -200 gim. The pulse length of the CO 2 laser and thus of the plasma wave is Pi nsec. 3 The frequency of the plasma wave is approximately the plasma frequency (3 THz), and so electronic frequency separation tehniques (e.g., heterodyne detection) cannot be used in the Thomson scattering diagnostic. The laser used for scattering is a Q-switched ruby oscillator producing 2 J in a 20-nsec FWHM pulse. Thus, given the ruby wavelength Xr -0.7 Aim, the scattering angle 0s required to detect the plasma wave previously described is Os Xr/Xp 7 mrad = 0.40.
The Thomson scattering input optics produce a cylindrically focusing beam incident at 90° from kp, as seen in Fig. 1 . The output optics transform the cylindrically diverging probe and scattered beams into spherical spots separated by -1 mm/mrad of scattering angle. The scattered beam is collected at this spot focus by a 1-mm diam optical fiber, while the probe beam slips by and is dumped. The fiber holder feeds through a sliding (Swagelok) vacuum seal so that the angular variation of the scattered light and hence the k, spectrum of the plasma wave can be determined by scanning the fiber back and forth on a shot-to-shot basis. 4 The fraction of scattered power can be determined absolutely by measuring the probe beam power through the same collection optics. This is simply accomplished by pushing the fiber in until it intercepts all the probe beam and using suitable attention to make the measurement. Fig. 1 . Schematic of the experimental setup used to measure the properties of a 100-ym wavelength electron plasma wave excited by a CO 2 laser beam using small-angle collective Thomson scattering.
Ill. Input and Output Optics
The input optics consist of two spherical lenses and . This is necessary for good minimum-k resolution since the scattering angle must be less than the divergence angle of the probe beam in this plane.
Input Optics
The output optics consist of two crossed cylindrical lenses of different powers. The first lens C 2 does imaging in the vertical plane, while the second lens C 3 simply focuses the collimated probe and scattered beams in the horizontal plane. The result is a spot focus for the probe and scattered beams in the detector plane with a <0.5-mm diameter or less than half that of the fiber optic. Since the beams are collimated in the horizontal plane 5 the separation 6 of the two spot foci is given by = f, where f is the focal length of lens C 3 .
The length of the line focus is -1 cm in this experiment. As discussed later, the overall system performance is not significantly degraded when a line focus of only 0.5 mm is used instead. One may take advantage of this fact to measure the spatial variation of the plasma wave by using a slit to cut down the length of the line focus and scanning the slit across the width of the probe beam. The scattered light will be collected regardless of the axial (along kp) location of the now small line focus. This technique was used to measure the length of the electron plasma wave (1.8 mm).
It should be noted that the k resolution of the optical system is not limited by the spot size of the probe beam (as is usually the case in small-angle scattering 6 ) as long as the probe beam focus is long enough to cover a few plasma wave periods, which is easily the case with a cylindrical focus. The k resolution is primarily limited by the size of the fiber optic and, second, by the finite spot size of the scattered beam due to imperfect optics and optical alignment. A finite length plasma wave will also broaden the k spectrum, as will be discussed later.
IV. System Calibration and Results
The deflection 6 of the scattered beam from the probe beam in the detection plane was measured as a function of the k of the scatterer by using transmission gratings (reticles) of various spatial frequencies in place of the plasma wave. Figure 3(a) shows photographs of the diffracted orders for the various gratings, and Fig. 3(b) plots the physical separation of the orders 6 vs spatial frequency. It is clear that the angular deflection is linear in k so that the angular distribution of scattered light can be considered the k spectrum of the scatterer. 4 The spot size of the scattered beam varied between -240 gm and 1-mm FWHM, depending on the number of grating periods illuminated, as shown in Fig. 3(c) .
The four curves are the measured radial intensity profiles of the first diffracted order of a 100-gm grating when 4, 10, 20, or 50 periods were illuminated. Since the spot size is less than the fiber diameter, the system performance is not significantly degraded when a line focus of only 0.5 mm is used for grating periods of <100 gim (scattering angles of >7 mrad).
Some results from collective Thomson scattering from the optical mixing driven electron plasma wave are presented in Fig. 4 . The light collected at 7 mrad by the fiber optic was passed through a narrowband (10-A FWHM) interference filter to attenuate stray ruby light due to diffuse scattering from the various optics. This signal was then sent through a ¼/4-m spectrograph (2400-groove/mm grating) and detected by a 500-channel optical multichannel analyzer (OMA), the output of which is shown in Fig. 4(a) . The stray unshifted light (the peak on the right) was further attenuated by placing a 103 times attenuator over the channels exposed to the unshifted light. The peak on the left is the Thomson scattered light and is -10-10-10-9 of the incident ruby energy, corresponding to a density fluctuation level of /no 1-3% for ky = cp/c from which we infer that n/no = 9 t 6% for RY = 0 (>50 times the thermal fluctuation level), in rough agreement with our theoretical expectations. The h, spectrum of the plasma wave [ Fig. 4(b) ] was measured by plotting the amplitude of the Thomson scattered light vs the angular position of the fiber optic. Since the plasma wave is about 18 periods long, this spectrum should be compared to the N = 20 instrument function of Fig. 3(c) .
The k spectrum is -4 times broader than the instru- In principle, a more sensitive detector and more powerful probe beam can bring this down to the 10-14 range or below. Some means to discriminate against stray probe beam light (which scatters off the optics) is essential to achieve this sensitivity. This is mainly a problem when electronic frequency separation techniques cannot be used. The technique used in this experiment was to pass the scattered light through an interference filter and thus reject the stray light by reflection. While this is somewhat tunable (by varying the angle of the filter) it limits the range of observable frequencies to those a few angstroms (for visible probes) removed from the probe frequency. Another discrimination technique, especially suited for two-level probe lasers such as ruby, is to use some unpumped gain medium as a notch filter. A third technique is to use multiple spectrometers or monochromators, the first being used to dump the stray light. This would provide good discrimination against stray light while maintaining the ability to detect small (<1-A) frequency shifts.
V. Conclusions
A small-angle Thomson scattering system based on cylindrical optics has been described. As demonstrated using transmission gratings, scattering angles as low as 1 mrad are possible, and reliable k spectra are obtainable for scattering angles greater than -1.5 mrad. This high performance is a consequence of using a long cylindrical focus in the scattering volume. Results from an experiment in which the kz spectrum of a C0 2 -laserdriven electron plasma wave was measured were also presented. Using an interference filter and a spectrograph as frequency discriminators, a SNR of >100 was achieved in the detection of the very weak (10-1o-10-9 of the incident energy) Thomson scattered light. A possible variation of the system is to use a small turning mirror in place of the fiber optic to send the scattered beam out of the vacuum chamber. One then has room to, say, use a spherical lens to image the detector plane onto the slit of a streak camera to obtain single-shot time-resolved k spectra. One could also use more cylindrical lenses to form a real image of the scattering volume on the slit of the streak camera to obtain single-shot time-resolved spatial profiles of the scattering wave.
S (ky,k,) . The frequency shift due to the finite frequency (,) of the plasma wave gives a k shift to the scattered light of hk = copc, which is mainly in the y direction, perpendicular to the propagation direction (z direction) of the wave. Thus the spectrum one measures is actually S(w,/c,kz), which we call the k, spectrum at k = wpIc or simply the k spectrum. For a stationary scatterer, such as a grating, up is zero. 5. The degree of collimation of the scattered beam and, therefore, its spot size depend on the length or number of periods of the coherent scatterer. See Fig. 3(c) and related text. 
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